ABSTRACT Drought-induced changes in the activities of superoxide dismutase (SOD) and catalase, level of lipid peroxidation, and membrane permeability (solute leakage) have been studied in two mosses, the drought-tolerant Tortula ruralis and the drought-sensitive Cratoneuron filicinum. In T. ruralis the activities of SOD and catalase increase during slow drying. The level of lipid peroxidation consequently declines. On subsequent rehydration the enzyme activities decline and the level of lipid peroxidation rises gradually to normal levels. The leakage of preloaded !6 Rb on rehydration of slowly dried T. ruralis is similar to that in turgid moss, i.e. leakage of about 20% of tissue "Rb. When T. ruralis is subjected to rapid drying there is no change in the enzyme activities or in lipid peroxidation. However, when this moss is rehydrated there is a large immediate increase in lipid peroxidation. Half of the tissue 86 Rb is leaked into the bathing medium during the first hour of rehydration. But within the next hour, when SOD and catalase activities have increased to high levels, lipid peroxidation quickly declines to a level lower than that in the turgid control moss, and the "Rb leaked earlier is partly reabsorbed indicating that membrane repair is well underway. On prolonged rehydration the enzyme activities decline and the level of lipid peroxidation rises gradually to reach normal levels found in control turgid moss. In the case of drought-sensitive C. filicinum the activities of SOD and catalase decline during drying as well as during subsequent rehydration. There is a rapid increase in lipid peroxidation during rehydration and most of the preloaded "Rb leaks into the bathing medium irreversibly. The changes in lipid peroxidation during drying and subsequent rehydration of both the mosses appear to coincide in time with the reported changes in O 2 uptake, indicating that the drought-induced membrane damage may be due to free radical-induced lipid peroxidation which is known to require active O 2 uptake. Furthermore, there appears to be a good correlation between an ability of the tissue to control lipid peroxidation and its ability to retain solutes. It is suggested that ability of plant tissues to mobilize enzymatic defence against uncontrolled lipid peroxidation may be an important facet of their drought tolerance.
INTRODUCTION
When plant tissues are rehydrated following desiccation their intracellular solutes leak into the bathing medium (Simon and RajaHarun, 1972) . While this loss of ability to retain solutes is relatively small and temporary in the case of drought-tolerant plants, it is much greater and irreversible in the case of drought-sensitive ones (Dhindsa and Bewley, 1977) . Such solute leakage is widely considered a reflection and a measure of membrane damage (Hendricks and Taylorson, 1976; Simon, 1974) . Electron microscope studies also have demonstrated the disruption of various cellular membranes during drying and/or subsequent rehydration (Gaff, Zee, and O'Brien, 1976; Krochko, Bewley, and Pacey, 1978) . While these studies clearly indicate a drought-induced membrane damage the causes and mechanisms underlying the latter are, however, not understood at present.
The present study was undertaken to examine the possibility that the drought-induced membrane damage may be due to drought-induced increase in membrane degradation through lipid peroxidation-a process well recognized as a mechanism of membrane deterioration (Packer, Deamer, and Heath, 1967) . The two mosses, Tortula ruralis and Cratoneuron filicinum, were selected for the present study because of the pronounced differences in their drought tolerance. For example, T. ruralis can be air-dried and stored for many months. On rehydration it immediately resumes protein synthesis using mRNA conserved during drought (Dhindsa and Bewley, 1978) . The levels of non-autotrophic and photosynthetic CO 2 fixation are restored to those in the undesiccated moss in a short time (Sen Gupta, 1977) . A high rate of O 2 uptake is shown immediately on rehydration and normal levels of ATP are restored quickly (Krochko, Winner, and Bewley, 1979) . Furthermore, on rehydration following desiccation it shows a reversible leakage of solutes (Dhindsa and Bewley, 1977) . T. ruralis is, thus, a drought-tolerant plant. C filicinum, on the other hand, is drought-sensitive since it fails to regain its synthetic ability, shows a large and irreversible solute leakage, and undergoes a progressive cellular disruption and death during rehydration (Krochko, Bewley, and Pacey, 1978) . During the present study each moss was subjected to slow or rapid drying and then rehydrated. The activities of superoxide dismutase (SOD) and catalase were determined since these enzymes are known to catalyse the destruction of superoxide radical (Oj) and hydrogen peroxide respectively (Fridovich, 1975) . They are, therefore, expected to limit the production of free radicals which are known to cause membrane degradation through lipid peroxidation (Fridovich, 1978; Mead, 1976) . In order to determine if there was any relationship between lipid peroxidation and the ability of the tissue to retain solutes, changes in lipid peroxidation and the leakage of preloaded 86 Rb were also followed.
The results reported here provide evidence, for the first time, that the drought-induced membrane damage is negatively correlated with the capacity of the plant to elevate the activities of SOD and catalase which apparently inhibit the production of malondialdehyde (MDA) and other membrane-damaging products of lipid peroxidation. It is suggested that ability to mobilize enzymatic defence against uncontrolled lipid peroxidation may be an important facet of drought tolerance of plants.
MATERIALS AND METHODS

Plant material
The apical 1 cm of the gametophytes of Tortula ruralis (Hedw.) (Gaertn, Meyer, and Scherb) and Cratoneuron filicinum (Hedw.) (Spruce) was used in all the experiments reported here (C. filicinum was formerly misidentified as Hygrohypnum luridum Hedw. Jenn., see correction in Krochko et ai, 1979) . The procedures for collecting, storing, and preparing the two mosses for experiments have been described elsewhere (Bewley, 1972 (Bewley, , 1974 .
Administration of desiccation
The procedures of Dhindsa and Bewley (1977) were employed to administer rapid or slow drying to a constant weight less than 20% of the original fresh weight. For slow drying the moss sample was placed in a closed atmosphere over a stirred, saturated solution of ammonium nitrate (65% relative humidity). A constant weight, less than 20% of original, was reached in about 9 h. A similar final weight was reached in less than 30 min during rapid drying in a closed atmosphere over activated silica gel. At different times during drying, weight was recorded and was expressed as percent of original fresh weight
Enzyme assays
Fresh moss, 0-25 g, was either maintained in the hydrated state or variously dried before being used to assay the activities of SOD and catalase. The moss sample was homogenized in 5 ml 50 mM phosphate buffer, pH 7-0, containing 1% insoluble poryvinylpyrrolidone. The homogenate was centrifuged at 30 000 g for 30 min and the supernatant obtained was used as enzyme extract. All steps in the preparation of the extract were carried out at 0-4 °C.
The activity of SOD was assayed in terms of its ability to inhibit the photochemical reduction of nitro blue tetrazolium using the method of Beauchamp and Fridovich (1971) . One unit of SOD was defined as the volume of the enzyme extract which would cause a 50% inhibition of photochemical reduction of nitro blue tetrazolium (Beauchamp and Fridovich, 1971) . The details of the assay procedures used are given in an accompanying paper (Dhindsa, Plumb-Dhindsa, and Thorpe, 1981) . Sensitivity of SOD activity to KCN was checked by including 0-3 mM or 3 mM KCN in the reaction mixture. Catalase activity was measured spectrophotometrically by the method of Chance and Maehly (1955) . The activity was expressed in units where one unit of catalase converts one //mole of hydrogen peroxide per minute. The details of the assay procedure used are given in an accompanying paper (Dhindsa et a/., 1981) .
An aliquot of the enzyme extract was used to determine its protein content by the method of Lowry, Rosebrough, Fair, and Randall (1951) .
Determination of lipid peroxidation
This involved measuring the amount of malondialdehyde (MDA), a product of lipid peroxidation, in the moss tissue by the thiobarbituric acid (TBA) reaction as described by Heath and Packer (1968) . Fresh or dry moss equivalent to 0-25 g fresh weight was ground in 5 ml distilled water using a pestle and mortar and a small amount of sand. Five ml 0-5% TBA in 20% trichloroacetic acid were added. The mixture was heated at 95 °C for 30 min and then quickly cooled in an ice-bath. After centrifuging at 10 000 g for 10 min the absorbance of the supernatant at 532 nm was read and the value for non-specific absorption at 600 nm was subtracted. The concentration of MDA was calculated using its extinction coefficient of 155 mM"" 1 cm" 1 (Heath and Packer, 1968) .
Leakage of u Rb
Fresh moss, 6 g, was incubated in 50 ml of 50 mM KC1 which contained 100 //Ci **Rb (47 mCi mol" 1 ) for 3 h. The moss was then washed with 100 ml ice-cold 50 mM KC1 for 5 min. One aliquot of the moss was subjected to slow drying, another to rapid drying, and a third one was used immediately. In order to study leakage, labelled fresh or dried moss equivalent to 0-5 g fresh weight was placed in 10 ml 5 mM KC1. The radioactivity present in the bathing medium at different times of rehydration was determined by liquid scintillation spectrometry and was expressed as percent of original tissue radioactivity.
RESULTS
Changes in weight during drying
The decrease in weight during drying of the two mosses is shown in Fig. 1 . It is interesting to note that both T. ruralis and C.filicinum lose water at about the same rate during slow or rapid drying. During slow drying both mosses reach a similar minimum weight, which is less than 20% of original fresh weight, in about 9 h. Similar minimum weight is reached by both mosses in less than 30 min during rapid drying. It may, therefore, be concluded that the two mosses do not differ much in the amount or overall rate of water loss during slow or rapid drying.
Changes in enzyme activities
Changes in SOD activity. In the case of T. ruralis, during slow drying the activity of SOD starts increasing within 1 h and reaches a maximum level in about 5 h (Fig. 2) . During the same time the moss loses about 60% of its original fresh weight. Further drying is not accompanied by much change in the SOD activity. When T. ruralis is subjected to rapid drying the activity of SOD remains unchanged.
On rehydration of slowly dried T. ruralis the SOD activity gradually declines and reaches more or less normal levels found in fresh moss after about 15 h of rehydration. The situation is, however, different when rapidly dried T. ruralis is rehydrated. In this case SOD activity, which remains unchanged during rapid drying, now quickly increases during rehydration (Fig. 2 ). It reaches a maximum level at about 2 h of rehydration, stays high for several hours, and then declines to normal levels found in the fresh moss. The maximum level which SOD activity obtains during rehydration following rapid drying is considerably lower than the maximum level it reaches during slow drying.
In the case of drought-sensitive C.filicinum the activity of SOD decreases during dehydration as well as during subsequent rehydration (Fig. 3) . The decrease during slow drying is smaller than that during rapid drying. At the end of 24 h of rehydration following slow or rapid drying, the activity of SOD is less than 15% of that in the fresh moss. At all stages of dehydration and subsequent rehydration examined in both T. ruralis and C.filicinum the activity of SOD was inhibited by more than 80% by 3 mM KCN.
It may, therefore, be concluded that in the drought-tolerant T. ruralis the activity of SOD increases during slow drying or during rehydration following rapid drying. In either case, on prolonged rehydration the activity returns to normal level found in the fresh moss. Conversely, in drought-sensitive C. filicinum SOD activity declines during drying as well as during subsequent rehydration. Furthermore, more than 80% of the SOD activity in both T. ruralis and C.filicinum is sensitive to KCN and, therefore, is probably of cupro-zinc type of SOD.
Changes in catalase activity. The changes in catalase activity in both T. ruralis (Fig. 4) and C.filicinum (Fig. 5) are very similar to the respective changes in SOD activity described above. Thus catalase activity increases sharply after 1 h of slow drying of T. ruralis and reaches a maximum level within 3 h (Fig. 4) . The activity does not change much with further slow drying. During rapid drying of T. ruralis catalase activity increases by about 50%. The activity declines during rehydration of slowly dried T. ruralis but shows a large temporary increase during rehydration of rapidly dried moss. However, on prolonged rehydration following slow or rapid drying catalase activity returns towards normal levels found in fresh moss (Fig. 4) . In the case of drought-sensitive C.filicinum the activity of catalase changes little during slow drying but decreases by about 45% during rapid drying (Fig. 5) . During rehydration of both slowly dried and rapidly dried C. filicinum there is a large decline in catalase activity (Fig. 5) .
Thus it may be concluded that the drought-tolerant T. ruralis has the capacity to elevate catalase activity during slow drying or during rehydration following rapid drying. In the case of drought-sensitive C.filicinum catalase activity declines during rapid drying and is almost totally lost during rehydration following slow or rapid drying.
Changes in lipid peroxidation
The changes in the level of lipid peroxidation (MDA content) during slow or rapid drying of T. ruralis are shown in Fig. 6 . While the MDA content does not change during rapid drying, it declines during slow drying for the first 4 h and then shows a transient increase before declining to a low level again. The transient increase occurs between 4 and 12 h of slow drying and shows a maximum at about 6 h of slow drying. It should, however, be noted that even during this transient increase the level of lipid peroxidation remains lower than the normal level found in the fresh control moss. The final level of MDA in the slowly dried T. ruralis is about 50% of that in the fresh moss. The changes in the level of lipid peroxidation during rehydration of the dried T. ruralis are also shown in Fig. 6 . In the case of slowly dried T. ruralis the MDA content increases during the first 4 h of rehydration and then remains constant throughout the experimental period. This level is, however, still lower than that in the fresh moss. The changes in the MDA content during the rehydration of rapidly dried T. ruralis are rather interesting.
There is a sharp increase in MDA content which reaches a maximum after 1 h of rehydration followed by an equally sharp decline reaching a minimum after 4 h of rehydration. Thereafter, MDA content gradually increases to equal that of the moss rehydrated following slow drying. The level of lipid peroxidation in the drought-sensitive C. filicinum does not change during rapid drying but shows a small transient increase during slow drying (Fig. 7) . This transient increase occurs between 4 and 11 h of slow drying, and at its maximum shows more than 100% increase in MDA content as compared to the fresh C. filicinum. During rehydration of both slowly dried and rapidly dried C. filicinum the MDA content increases (Fig. 7) . This increase in the case of rapidly dried moss is relatively small and reaches a constant level after 4 h of rehydration. During the rehydration of slowly dried C. filicinum, on the other hand, there is a large and more or less linear increase in MDA content which continues to increase till the end of the experimental period of 24 h. Thus at the end of 24 h of rehydration the MDA content is about four times greater following slow drying than that following rapid drying.
Leakage of 8S Rb
In order to study the drought-induced changes in membrane permeability, moss was loaded with 86 Rb and was either used immediately as fresh moss to serve as control in leakage studies, or it was variously dried and then rehydrated. The percentage of the original tissue radioactivity which leaked into the bathing medium was recorded. The results are presented in Table 1 . The fresh control (undesiccated) and the slowly dried T. ruralis show similar leakage, about 20% at the end of 1 h of rehydration. This level of leakage does not change during the second hour of rehydration. In the case of rapidly dried T. ruralis the changes in Rb leakage are pronounced. At 1 h of rehydration about 50% of the original tissue radioactivity is present in the bathing medium. At 2 h of rehydration, however, only 35% of the original tissue radioactivity is present in the bathing medium. When this rapidly dried T. ruralis was washed at 2 h of rehydration and then placed in a fresh bathing medium only 23% of its radioactivity leaked into the bathing medium (data not presented).
In the case of the drought-sensitive C. filicinum, the control fresh moss shows leakage similar to that in control T. ruralis, about 20%. Both slowly dried and rapidly dried C. filicinum lose most of their radioactivity during the first hour of 16
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Fio. 6. Changes in the level of lipid peroxidation (MDA content) in T. ruralis during drying (upper panel) and during rehydration following drying (lower panel). Each value is a mean of 2 replicates. All symbols are as in Fig. 2. rehydration, although the leakage is a little less in the case of slowly dried C. filicinum. In either case, however, the leakage is irreversible with time.
DISCUSSION
The present study demonstrates (i) a correlation between the drought-induced solute leakage and the drought-induced increase in lipid peroxidation; and (ii) a direct relationship between the drought tolerance of a plant tissue and its capacity to control the level of lipid peroxidation. Thus in the case of drought-tolerant T. ruralis the activities of SOD and catalase increase during slow drying reaching maximum levels in about 5 h during which time the moss loses about 60% of its original fresh weight. Possibly the processes underlying this increase in enzyme activities can occur only within a certain range of relative water content of the moss tissue-starting only after a certain water loss has occurred and stopping well before the minimum weight is reached. Furthermore, these processes appear to be time-dependent since the activities of SOD and catalase do not increase during rapid drying. In relation to the changes in SOD and catalase activities it is interesting to note that MDA content declines during slow drying but remains unchanged during rapid drying. The events during rehydration are particularly important since it has been suggested (Simon, 1974) that membrane damage occurs during the rehydration phase. For several hours during the rehydration of slowly dried T. ruralis the activities of SOD and catalase remain higher and the level of MDA content lower than those in the fresh control moss. However, the slowly dried T. ruralis does not differ from the control moss in 86 Rb leakage, both leaking about 20% of their original radioactivity. Probably this represents a basal level of leakage reflecting the normal metabolic state of membranes in the fresh moss. Membrane damage occurring in the undesiccated moss, as indicated by the MDA level, is presumably repaired during normal turnover of membrane components. It may be relevant to point out here that the drought-sensitive C. filicinum in the fresh state also shows about 20% leakage. The events occurring during the rehydration of the rapidly dried T. ruralis are rather interesting. There is a large quick rise in MDA content reaching a maximum in 1 h of rehydration. SOD and catalase activities, which remain unchanged during rapid drying, increase during rehydration reaching maximum levels in about 2 h of rehydration. As the enzyme activities increase, MDA content declines quickly and at 2 h of rehydration reaches a level below that in the fresh moss. Corresponding to these changes in MDA content are the changes in ^Rb leakage. After 1 h of rehydration, when MDA content is maximum, about 50% of the original tissue radioactivity is found in the bathing medium. At 2 h of rehydration, however, only 35% of the original tissue radioactivity is present in the medium. This probably means that the 86 Rb leaked during the first hour is partly reabsorbed during the second hour. Thus leakage is maximum when MDA content is maximum. As MDA content declines, probably membrane damage starts being repaired resulting in the reabsorption of the solute. Such reversal of leakage with time of rehydration of rapidly dried T. ruralis has been reported earlier (Dhindsa and Bewley, 1977) . The presence of 35% of original tissue radioactivity in the bathing medium at 2 h of rehydration does not necessarily mean that the moss would actually leak 35% of its total solute at that point in time of rehydration. In fact, when this moss was washed after 2 h of rehydration and then placed in a fresh bathing solution it showed leakage similar to that from the fresh control moss indicating a repair of the membrane damage.
In the case of drought-sensitive C. filicinum the activities of SOD and catalase decrease during drying and decline further on subsequent rehydration. Corresponding to the rapid increases in MDA content on rehydration, both slowly dried and rapidly dried C. filicinum show extensive and irreversible 86 Rb leakage. The causes underlying the changes in lipid peroxidation are not clearly understood at present. Lipid peroxidation requires active O 2 uptake (Robinson, 1965) . Thus a part of the O 2 consumed and usually considered an index of respiration may actually be utilized in lipid peroxidation. An increased O 2 consumption during slow drying of both T. ruralis and C. filicinum and during rehydration of rapidly dried T. ruralis has been documented (Krochko et al., 1979) . Furthermore, this increased O 2 uptake has been shown to be insensitive to antibiotics and to be not due to contaminating micro-organisms (Krochko et ah, 1979) contrary to the suggestion of Gupta (1977) . The transient increases in MDA content during slow drying of T. ruralis and C.filicinum and during rehydration of rapidly dried T. ruralis all coincide in time with the reported bursts in O 2 consumption (Krochko et al., 1979) . Similarly, during rehydration of C.filicinum the rate of O 2 uptake is much lower in the rapidly dried than in the slowly dried moss and the latter continues to consume O 2 for a longer time at a higher rate (Krochko et al, 1979) . This could probably explain the different MDA contents present in rapidly dried and slowly dried C. filicinum during rehydration. It is, therefore, likely that during the bursts in O 2 consumption an increased amount of O 2 is utilized in lipid peroxidation. This suggestion is strongly supported by the observation that corresponding changes in ATP levels and in CO 2 evolution do not accompany the increased O 2 uptake (Krochko et al., 1979) . Furthermore, there is considerable evidence that plant tissues (Gross, Janse, and Elstner, 1977; Halliwell, 1974; Huq and Palmer, 1978) and animal tissues (Aust, Roerig, and Pederson, 1972) can generate superoxide radical (Oj) which is converted to hydrogen peroxide by SOD (McCord and Fridovich, 1969 ). An interaction between O7 and hydrogen peroxide may also generate singlet oxygen {*O^) and hydroxyl free radical (OH -) (Fridovich, 1975 (Fridovich, , 1978 . The ability of Oj, *O 2 , and OH" to initiate lipid peroxidation has been documented (Fong, McCay, and Poyer, 1973; Kellogg and Fridovich, 1975; Pederson and Aust, 1973) . Thus the availability of Oj and the production of *O 2 and OH' would be diminished by elevated activities of SOD and catalase in T. ruralis but not in C.filicinum in which these enzyme activities have declined.
Thus there appears to be a good correlation between the ability of the moss to elevate the activities of SOD and catalase and its ability to limit lipid peroxidation and to retain solutes. An uncontrolled lipid peroxidation such as observed in the drought-sensitive C. filicinum could lead to unlimited membrane disruption and eventually to cellular decompartmentation and death. It is proposed that a capacity to limit membrane damage to a reparable level by controlling lipid peroxidation may be an important facet of drought tolerance of plants. Work is in progress to determine whether the present observations can be extended to higher plants.
